An earlier developed purified cell-free system was used to explore the potential of two RNA-directed RNA polymerases (RdRps), Qβ phage replicase and poliovirus 3Dpol protein, to promote RNA recombination through a primer extension mechanism. The substrates of recombination were fragments of complementary strands of a Qβ phage-derived RNA, such that if aligned at complementary 3'-termini and extended using one another as a template, they would produce replicable molecules detectable as RNA colonies grown in a Qβ replicasecontaining agarose. The results show that while 3Dpol efficiently extends the aligned fragments to produce the expected homologous recombinant sequences, only nonhomologous recombinants are generated by Qβ replicase at a much lower yield and through a mechanism not involving the extension of RNA primers. It follows that the mechanisms of RNA recombination by poliovirus and Qβ RdRps are quite different. The data favor an RNA transesterification reaction catalyzed by a conformation acquired by Qβ replicase during RNA synthesis, and provide a likely explanation for the very low frequency of homologous recombination in Qβ phage.
Recombinations (sequence exchange and rearrangements) between and within RNA molecules are rare, but biologically important events contributing to the evolution and diversity of RNA viruses (1, 2) , and generating defective interfering RNAs which attenuate viral infections (3). In contrast to splicing and other types of regular RNA rearrangements, recombinations occur without apparent sequence or structure specificity (1, 2) . There are indications that recombination may occur between cellular RNAs (4-6), eventually resulting, by means of reverse transcription and integration, in alterations in the chromosomal DNA. Spontaneous Mg
2+
-catalyzed rearrangements in RNA sequences (7) might have been a mechanism for the evolution in prebiotic RNA world and might have evolved into contemporary sequencespecific ribozyme-catalyzed reactions (8, 9) .
RNA recombination was discovered more than forty years ago as an exchange of genetic markers between polioviruses (10, 11) , and since then similar approaches were used to demonstrate that genomes of RNA viruses of animals, plants and bacteria are all capable of recombination (2, 4, 12, 13) . However, such in vivo experiments utilizing living cells, as well as in vitro studies that used crude cell lysates could not uncover the underlying molecular mechanisms or even definitely answer the question if recombining entities were RNA molecules themselves or their cDNA copiesbecause every living cell contained enzymes capable of reverse transcription and appropriate dNTP substrates. It became evident that further progress in this field depended on the availability of adequate in vitro systems whose composition and other parameters can be strictly controlled by the experimenter (2, 14) .
The first example of such a sort has been the cell-free system employing purified Qβ replicase, RNA-directed RNA polymerase (RdRp) 1 of bacteriophage Qβ (15) . The system also includes two RNA molecules, '5' fragment' and '3' fragment', whose sequences supplement each other to the entire sequence of RQ135 RNA, an efficient Qβ replicase template (16) , and are derived from the 5' and 3' segments of that RNA, respectively. None of the fragments alone can be amplified by Qβ replicase; however, fusion of their sequences in a manner as they are arranged in the original RQ RNA results in the appearance of replicable molecules (15) , which are detected and counted by using the Qβ replicase version of the molecular colony technique (17, 18) . To this end, a mixture of the fragments is seeded on a Qβ replicasecontaining agarose layer, which is then covered with a nylon membrane impregnated with replicase substrates ribonucleoside triphosphates (rNTPs) to initiate replication. As the reaction takes place in agarose, copies of replicable RNAs concentrate around the progenitor templates in the form of RNA colonies. The colonies are detected by hybridizing the membrane with a labeled probe, and their number reflects the recombination frequency. Experiments in this system proved that recombination can occur between RNA molecules directly, without involving DNA intermediates (15) . However, many features of the cell-free RNA recombination appeared to be different from those usually observed in the in vivo studies.
Studies on recombination in RNA viruses mainly revealed homologous recombination (1, 2) , in which sequences surrounding the crossover site in the recombination substrates (recombining RNAs or segments of an RNA molecule) and in the product molecule are entirely or essentially identical to each other. To explain homologous recombination, a template switch (copy choice) mechanism was proposed (19) , according to which recombinant molecule is generated as a byproduct of RNA synthesis by viral RdRp which, after copying a portion of the first ('donor') template, occasionally switches to another ('acceptor') template containing a sequence complementary to the growing end of the nascent strand. If that mechanism operated in the cell-free Qβ system, the 3' and 5' fragments would serve as donor and acceptor templates, respectively (Fig. 1A) . However, no homologous recombinants were generated in this system, even though the fragments were provided with homologous foreign sequences to facilitate template switching. Most recombinant molecules contained the entire sequence of the 5' fragment fused with sequence of the 3' fragment, either intact or 5'-truncated to a various extent ( Fig. 1B ; Ref. 15) . Most importantly, recombination was totally prevented when the 3' hydroxyl at the 5' fragment terminus was either removed by periodate oxidation or blocked by a phosphate group. The key role of the 3' hydroxyl of the acceptor template could not be accounted for by the template switch mechanism, but well conformed to a hypothesis that RNA recombination occurs as a transesterification reaction in which the 5' fragment's 3' hydroxyl attacks phosphate groups within the 3' fragment. In the absence of any indication of the ability of RNA polymerases to promote such reactions, it was suggested that recombinants arose due to a site-nonspecific self-splicing activity of RNA molecules (15) .
Such an RNA activity was indeed detected with the use of a modified experimental scheme, in which, before applying to the Qβ replicasecontaining agarose, a reaction mixture was oxidized with periodate in order to suppress further recombination by eliminating any free 3' hydroxyls at the recombining RNA molecules (7). However, the spontaneous recombinations between RNA molecules appeared to be several orders of magnitude less frequent than in the presence of Qβ replicase. Moreover, they did not require free 3' hydroxyl groups indicating that a quite different reaction chemistry was employed -most probably, a Mg 2+ -catalyzed RNA cleavage generating fragments with 2',3' cyclic phosphate and 5' hydroxyl termini, which are then cross-ligated. These observations suggested that the 3' hydroxyldependent RNA recombinations are somehow promoted by Qβ replicase (7, 20) .
The results obtained in the cell-free Qβ system stimulated attempts to detect similar phenomena in vivo, by transfecting susceptible cells with two supplementing fragments of the genome of an RNA virus, or with inactivated genome and a complementing fragment. Experiments with derivatives of poliovirus (5, 21) and bovine viral diarrhea virus (6) RNAs demonstrated that viable viruses could be rescued even if none of the recombination substrates could be translated or if translation could not result in the active viral RdRp. Similarly to the spontaneous rearrangements observed in the Qβ system, this nonreplicative recombination was not affected by elimination of the 3' hydroxyls. Moreover, its frequency increased when the 5' and 3' fragments bore 3' phosphoryl and 5' hydroxyl groups, respectively, suggesting an involvement of the 2',3' cyclic phosphate intermediate (5, 21) . Crossing poliovirus RNA fragments overlapping within a nonessential segment of the 5' UTR (untranslated region) resulted in the rescue of only nonhomologous recombinants (5) .
At the same time, only homologous and aberrant homologous recombinants that retained the translation reading frame were rescued when RNA fragments overlapped within the sequence coding for protein 3Dpol (poliovirus RdRp) (21), indicating that natural selection can considerably distort the results of in vivo experiments.
Quite different results were obtained in another type of in vivo experiments, in which an expressible cDNA clone of poliovirus capable of producing active RdRp, but incapable of replication because of two point mutations in the 5' UTR, was rescued by recombination with a mutationfree 5' UTR fragment (22) . In these experiments, no viruses were rescued if the 5' fragment had been modified at the 3' terminus with cordycepin (3'-deoxyadenosine). Thus, as with Qβ replicase, RNA recombination in the presence of poliovirus RdRp appeared to be entirely dependent on the availability of the 5' fragment's free 3' hydroxyl. However, in contrast to the Qβ replicase-promoted reaction (15) and RdRp-independent poliovirus RNA recombination in vivo (5), only homologous recombinants were produced, even though coding sequences were not involved. To explain their observations, the authors proposed a 'primer alignment-and-extension' (PAAE) mechanism, in which no templates are switched. Instead, a preexisting fragment of poliovirus RNA (in nature, this can be a fragment generated by abortive synthesis or by an enzymatic degradation exposing the 3'-OH termini) is extended by RdRp using the strand of opposite polarity as a template, to which it hybridizes by a complementary 3'-terminal segment.
The striking similarity of the responses of Qβ and poliovirus systems to the elimination of the 5' fragment's 3' hydroxyl, together with the fact that Qβ replicase is involved in the 3' hydroxyldependent recombination, raised the possibility that similar mechanisms operate in both the systems. However, the absence of homologous recombination in the Qβ system remained unexplained. Whether the latter fact reflects a fundamental mechanistic difference between Qβ replicase and poliovirus RdRp, or the mere limitations of the respective in vitro and in vivo systems and/or sequence or structure dissimilarities of the recombination substrates?
To resolve these alternatives, we compared effects of the two RdRps under similar conditions and with the same RNA substrates, using the cellfree Qβ system to monitor RNA recombination. The results of these studies demonstrate that although ongoing RNA synthesis is required for the generation of recombinant RNAs by both Qβ replicase and 3Dpol, the mechanisms employed by the two enzymes are entirely different. In particular, while PAAE mechanism is efficiently used by 3Dpol to generate recombinant molecules from RNA fragments of opposite polarities, it is totally rejected by Qβ replicase.
EXPERIMENTAL PROCEDURES
Enzymes-Qβ replicase was isolated from Escherichia coli HB101 cells transformed with plasmid pRep (23) as described (24, 25) . The poliovirus RdRp (3Dpol) gene was PCR-amplified using plasmid pKKT7E-3D (26) as a template and primers that introduced an upstream site NcoI and a downstream His 6 -coding sequence followed by site BamHI, cloned in pET15b between sites NcoI and BamHI and expressed in E. coli BL21(DE3) cells (27) . A highly purified 3Dpol protein containing hexahistidine tag peptide at the C terminus was isolated by chromatography on Zn 2+ -iminodiacetate Sepharose CL-4B (28) from a cell lysate prepared in buffer 50 mM Tris-HCl pH 8.0, 10% glycerol, 100 mM NaCl, 0.1% Nonidet NP40 (29) , dialyzed against the same buffer containing 2 mM dithiothreitol and, after addition of glycerol to 50%, was stored at -20°С. The resulting preparation was active in the poly(A)-directed synthesis of poly(U) (30) and contained no detectable activities of E. coli RNA polymerase, polynucleotide phosphorylase, or ribonucleases.
RNA fragments-The 5' and 3' fragments were synthesized by run-off transcription with T7 polymerase using corresponding plasmids digested with appropriate restriction endonucleases, and gel-purified as described (15) . Plasmid for the synthesis of the 3'C fragment was prepared by a PCR templated with a pUC18-derived plasmid, in which a T7 promoter/RQ135 -1 (+) cDNA construct was inserted between sites HindIII and SmaI (31), using primers 5'-CTGCAGGCATGCAAGCTTA-ATACGACT-3', partially overlapping the sequence of the T7 promoter (bold) and containing site HindIII (underlined), and 3'-AGTTTAGG-GAGCATCTAGGAGATCTCAGCTGGACGTCC-TTAAG-5', partially overlapping the sequence of the 3' fragment (bold) and containing the sequence identical to the foreign sequence of fragment 5'(BamHI) (italic), including site PstI (underlined). The PCR product was digested at site HindIII, blunt-ended by filling in the recessed 3' terminus with Klenow enzyme, digested at site PstI, and ligated into plasmid pUC18 that had been digested at PstI and SmaI and dephosphorylated. The primary structure of the resulting plasmid was checked by sequencing.
RNA recombination-To separate the recombination and replication steps (as in experiments of Figs. 2 and 5A), the earlier devised procedure (7) was employed. Unless indicated otherwise, the recombining fragments (3 × 10 11 molecules each) were annealed in a 2× incubation buffer (see figure legends), not included Mg 2+ and rNTPs, by incubating during 2 min in a boiling bath followed by cooling to ≈30°C during 1 h. After incubation under specified conditions followed by the addition of EDTA to chelate all Mg 2+ , the reaction mixture was extracted with phenol/chloroform (32), oxidized with sodium periodate (33), desalted by passing through a Sephadex G-25 spun column and melted (7) .
Detection and sequencing of recombinant RNAs-In experiments of Fig. 2 , RNA colonies were grown in agarose slabs (18 × 18 × 0.37 mm) as reported (15, 18) . A 10 µl sample containing the specified amount of RNA was distributed over Qβ replicase-containing agarose and covered with a nylon membrane (Hybond N, Amersham Biosciences) containing rNTPs. In experiments of Figs. 3 and 5A, RNA colonies were grown in round (14 mm diameter, 0.4 mm thick) polyacrylamide gels earlier used for growing DNA colonies (34). Precast and dried gels were reconstituted by soaking in 70 µl of a solution containing the RNA sample and all the replication reaction components but rNTPs that were introduced with a nylon membrane covering the gel. As compared to agarose gels, the use of polyacrylamide gels resulted in a 5 to 10 times higher recovery of recombinant RNAs. In either case, the final concentrations of reaction components were: 80 mM Tris-HCl pH 7.8, 8 mM MgCl 2 , 1 mM EDTA, 20% glycerol, 1 mg/ml acetylated bovine serum albumin (Sigma), 35 µg/ml Qβ replicase and 1 mM each of rNTPs. After incubation during 1 h at 22°C, the membranes were fixed (18) and hybridized with [ 32 P]-labeled 5'(BamHI) fragment to reveal the colonies by autoradiography (15) . Then RNAs were extracted from gels, cloned and sequenced (15) .
RESULTS

RNA synthesis is required for the generation of recombinant RNAs by
Qβ replicase-To investigate requirements of the 3' hydroxyl-dependent recombination, we used the experimental approach earlier established for exploring the ability of RNA molecules to self-recombine (7). The samepolarity 5' and 3' fragments of RQ135 RNA were incubated under chosen conditions with or without the addition of the components of the cell-free replication system (Qβ replicase, rNTPs, and Mg 2+ ) and, before assaying for the presence of RNAs capable to replicate in a Qβ replicase-containing gel, the incubation mixture was treated with sodium periodate and melted. This separated the recombination and replication events, and RNA colonies only grew if recombination had occurred before the oxidation step. Control samples, in which a pre-oxidized 5' fragment substituted for the normal one, were run in parallel to ascertain if the observed recombination was 3' hydroxyl-dependent.
We observed no recombination between the RNA fragments above the level of spontaneous reaction (7) unless the incubation mixture contained all the reagents needed for RNA synthesis, including each of the four rNTPs (not shown). Fig. 2A shows that recombination requires the same concentration of the initiating nucleotide GTP as does copying of the 3' fragment (monitored by the generation of a double-stranded product) which has inherited the initiation site of RQ135 RNA. Requirements of the 5' fragment copying are saturated at a lower GTP concentration, as reported earlier (35).
Thus, recombination between the 5' and 3' RQ135 RNA fragments is observed under conditions that provide for their copying by Qβ replicase. While recombination was always accompanied by copying of the 3' fragment (the donor template in terms of the template switch mechanism), it was not firmly linked with copying of the 5' fragment (the acceptor template). For example, elimination of the 3' hydroxyl group of the 5' fragment by periodate oxidation prevents recom- A reverse example is provided by the PstI and ∆EcoRI variants of the 5' fragment, which are hardly copied by Qβ replicase (Fig. 1 in Ref. 35 ), but are excellent recombination substrates (not shown). Fig. 2B shows that chain terminator 3'-deoxy-ATP (cordycepin 5'-triphosphate) inhibits recombination (as well as the synthesis of full-sized complementary copies of the recombining fragments, not shown) if added to the reaction mixture at a 20:1 ratio to ATP, at which it is expected to be used by Qβ replicase instead of ATP at about a 20% probability (36). It follows that RNA synthesis is required for recombination, rather than merely accompanies it.
Qβ replicase does not utilize the primer alignment and extension mechanism-The fact that the 3' hydroxyl-dependent recombination between the 5' and 3' fragments requires RNA synthesis, in particular copying of the 3' fragment, raises a possibility that is driven by PAAE mechanism. In this case, the genuine substrates of recombination would be fragments of opposite polarities, i.e., the 5' fragment and the 3'C fragment (the complementary copy of the 3' fragment).
To explore the PAAE mechanism directly, we replaced the 3' fragment by its complement synthesized by run-off transcription with T7 RNA polymerase, and checked if the 5' and 3'C fragments can serve as primers for their own extension by Qβ replicase using each other as a template. Further, by manipulating foreign sequences, we prepared several pairs of the 5' and 3'C fragments whose 3'-terminal sequences were capable of complementary overlapping one another to various lengths (Fig. 1E) ; the fragments were designated after the restriction endonucleases used to cleave the plasmid DNAs before transcription. If PAAE mechanism operates, one should expect that: (1) pairs with longer complementary overlaps will recombine at a higher frequency; (2) mostly homologous recombinants will be generated at longer overlaps; and (3) recombination between the fragments of opposite polarities (5' and 3'C) will be more efficient than between the samepolarity fragments (5' and 3'), because the 3'C fragment does not need to be synthesized by Qβ replicase and is not base-paired with the 3' fragment.
It turned out that recombination between fragments 5'(BamHI) and 3'C(PstI) overlapping by 18 nt (nucleotides) does occur (Fig. 3A) and is promoted by preliminary annealing of the fragments (Fig. 3B ). Fragment pairs with shorter complementary overlaps, 5'(SalI) × 3'C(PstI) and 5'(PstI) × 3'C(PstI) (cf. Fig. 2E ), recombine at a lower frequency (Fig. 3A) . Oxidation of both the 5' and 3'C fragments is required to suppress recombination, indicating that the 3' hydroxyl group of each of them is important (Fig. 3C) . These observations are in apparent agreement with PAAE mechanism.
However, other findings do not support this mechanism. Instead of the expected increase in recombination frequency, recombination between the fragments of opposite polarities turned out to be some 3 orders of magnitude less efficient than between the same-polarity fragments (Fig. 3B) . Also, fragments 5'(BamHI) and 3'C(SphI), capable of a longer complementary overlap (24 nt, cf. Fig.  2E ) recombine at a 10 times lower frequency, than do fragments 5'(BamHI) and 3'C(PstI) (Fig. 3 , A and C). Finally, sequencing has shown that homologous recombinants are not generated (Fig. 4) . Almost every recombinant molecule contains sequences originated from the full-sized 5' and 3'C fragments, separated by an insert of variable length. The inserts contain nucleotide stretches complementary to the fragments' foreign sequences (shown in bold and underlined). Their possible origin is discussed below. Thus, the above data demonstrate that, although Qβ replicase is capable of promoting recombination between the fragments of opposite polarities, it does it without using the PAAE mechanism.
Poliovirus RdRp uses the primer alignment and extension mechanism to produce homologous recombinants from Qβ-specific RNAs- Fig. 5A demonstrates generation of replicable RNAs from the 5' and 3'C fragments by poliovirus RdRp. In order to keep the effects of 3Dpol undistorted by Qβ replicase, we incubated the RNA fragments in the presence of rNTPs and 3Dpol and, before applying to the Qβ replicase-containing agarose, extracted the reaction mixture with phenol/chloroform to remove 3Dpol and oxidized with sodium periodate to eliminate the free 3' hydroxyls at RNA molecules. It is seen that fragment pairs 5'(BamHI) × 3'C(PstI) and 5'(BamHI) × 3'C(SphI), overlapping by 18 nt and 24 nt complementary sequences respectively, recombine at the same frequency which increases upon annealing of the fragments and is four to five orders of magnitude higher than in the presence of Qβ replicase (cf. Fig. 3 ). The frequency falls considerably when the length of a complementary overlap decreases to 6 nt [pair 5'(SalI) × 3'C(PstI)] and is not detectable with fragments 5'(PstI) and 3'C(PstI) whose termini do not show a potential for significant complementary interactions.
Sequencing of the replicable RNAs obtained showed that only homologous recombinants were produced. Moreover, since there were a G:U opposition at the 3' end of the 3'C(SphI) aligned with the 5'(BamHI) fragment (Fig. 1E) , it was possible to distinguish between recombinants produced by extending the 5'(BamHI) fragment and those produced by extending the 3'C(SphI) fragment. It is seen that both the fragments were extended, with the 5'(BamHI) fragment producing a canonical 3'-terminal opposition (C:G) being extended at a higher frequency (Fig. 4B) .
Thus, 3Dpol enzyme manifests a primerdependent template-directed RNA polymerization activity with Qβ-specific RNAs, in accord with observations made on poliovirus-derived sequences (37-39).
DISCUSSION
Mechanistic differences between Qβ replicase
and poliovirus RNA polymerase-This paper presents results of the first comparative study of intermolecular RNA recombination promoted by RdRps of two different RNA viruses under similar physico-chemical conditions, using the same recombination substrates and the same amplification system. Therefore, any effects that might influence the results, such as effects of the primary or a higher RNA structure, or of a selective amplification of some sort of recombinant molecules, are eliminated. The results clearly demonstrate that the fact that only nonhomologous recombinants are generated in the cell-free Qβ system, while mainly homologous recombination is observed in poliovirus, reflects a fundamental difference in the mechanisms employed by Qβ and poliovirus 3Dpol, rather than artifacts of either the in vivo or in vitro system.
The puzzling observation that recombination between the 5' and 3' fragments of an RQ RNA was entirely suppressed by eliminating the free 3' hydroxyl of the 5' fragment constituted the main argument against the template switch mechanism and in favor of a transesterification mechanism in the cell-free Qβ system (15). This conclusion was later challenged by Pierangeli et al. (22) who made a similar observation in a poliovirus system in vivo and argued that the 3' hydroxyl requirement might also indicate that the 5' fragment served as a primer for its own extension using the 3'C fragment as a template. Our finding that the Qβ replicase-promoted recombination requires an ongoing RNA synthesis (Fig. 2) apparently supported their PAAE mechanism. However, it should be noted that this mechanism had problems in explaining why the newly synthesized 3'C fragment was not used as a primer with the 5' fragment as a template, as evidenced by the total suppression of recombination in the cell-free Qβ system upon elimination of the free 3' hydroxyl at the 5' fragment (15) . One might argue that, as far as the very 5' terminus of the 3' fragment was not homologous to the 5' fragment, an end-to-end copying of the 3' fragment would result in a 3'C fragment whose 3' end would lack a complementarity to the 5' fragment, making its extension on the 5' fragment impossible (Fig. 1C) . However, such an argument would only be valid if the Qβ replicase-promoted recombination was homologous, which is opposite to what is observed in experiment. In principle, generation of nonhomologous recombinants by the PAAE mechanism could be conceived by taking into account the facts that the newly synthesized 3'C fragment remains base-paired to the 3' fragment (35), and that Qβ replicase cannot unwind an RNA duplex (40, 41). Under these circumstances, priming might occasionally occur at sites of local complementarity when the duplex spontaneously unwinds a short distance away from its terminus as a result of thermal motion (Fig. 1D) . Of course, such a process would be very inefficient, but the observed recombination is not efficient either. It should be however noted that in this case extension of the 5' fragment would have no obvious preference over extension of the 3'C fragment, and the 100% inhibition of recombination by the oxi-dation of the 5' fragment would remain unexplained.
The results of this study show that, even when experimental conditions are most favorable for PAAE mechanism, Qβ replicase denies using it. The reluctance of Qβ replicase to extend RNA primers is unexpected in view of an earlier report that it employs short oligoribonucleotides to bypass the normal GTP-dependent initiation on homopolymeric templates (42). In contrast, under similar conditions and with the same RNA substrates this mechanism is readily used by the poliovirus RdRp, even though the extended primers and the templates are heterologous to poliovirus. Although unexpected, these results are in accord with the in vivo observations that homologous recombination in Qβ phage is a million times less frequent than in poliovirus (20, 43, 44) .
Possible mechanism of RNA recombination by Qβ replicase-Two important features are seen in most sequences resulting from Qβ replicasepromoted recombination between the 5' and 3'C fragments: (1) both the fragments donate their entire sequences and (2) an extra sequence is inserted between them (Fig. 4) . The insert contains a stretch of nucleotides complementary to the fragments' foreign sequences, suggesting that it has been generated by partial copying of a fragment. The fact that primary structure of the insert depends on which of the fragments was pre-oxidized with periodate suggests that such a copying occurred after the synthesis of fragments by T7 RNA polymerase, i.e., it was performed by Qβ replicase.
Recently, we have shown that Qβ replicase can copy derivatives of a 3'-truncated RQ RNA in a GTP-independent mode (35). There can be either de novo initiation of complementary copies, with a template being copied along the entire length irrespective of its 3' terminal sequence, or a 3'-terminal elongation of the template, including a snapback RNA synthesis producing a hairpin in which the template and the complementary copy make up opposite sides of the stem. Formation of similar hairpins as a result of the 3'-terminal elongation of replicable RNAs by Qβ replicase was earlier reported (45). Taking into account that the 5' and 3'C fragments are 3'-truncated derivatives of the (-) and (+) strands of the RQ135 RNA, respectively (16) , one can imagine the following scenarios leading to the generation of a replicable RNA, i.e., one in which proper polarity and order of the fragments are observed. Generation of recombinant RNA with the longest insert (the uppermost sequence of Fig. 4A ) is considered as an example (Fig. 6A) .
In Mechanism 1, recombinant RNA is generated by a transesterification reaction in which the 5' fragment attacks an internucleotide phosphate in the 3'C fragment that has been 3'-terminally extended producing a hairpin twice the size of the template. Since this scenario requires that each of the fragments possesses the free 3' hydroxyl group, it should be rejected because this particular recombinant was generated in an experiment employing the periodate-oxidized 5' fragment, which lacks such a group.
In Mechanism 2, also of a transesterification type, the 3'-terminal hydroxyl of the 3'C fragment, which has been partially extended beyond its 3' end in a snapback manner, attacks the α-phosphate at the 5' terminus of the full-length complementary copy of the 5' fragment. Finally, in Mechanism 3, the 3'C fragment, which has been 3'-terminally extended as in Mechanism 2, is further extended using the 5' fragment as a template. In other words, Mechanism 3 employs extension of a primer not aligned with a template; a similar mechanism was proposed to explain the synthesis of RNA longer than template by RdRps of bovine viral diarrhea virus and some plant viruses (46). Both the Mechanisms 2 and 3 can operate with the oxidized 5' fragment, because oxidation does not prevent fragment copying (35). However, transesterification reaction (Mechanism 2) seems to be preferable for the following reasons.
In Mechanism 2, the 5' fragment is provided in a double-stranded form that protects internucleotide phosphates of its complementary copy from the attack by the 3'-terminal hydroxyl of the extended 3'C fragment, and this could explain why the 5' fragment almost always donates its entire sequence to the resulting recombinant (Fig. 4) . In Mechanism 3, the 5' fragment is provided in a single-stranded form, and therefore the absence of internal priming, which would result in recombinants with a 3'-terminally truncated 5' fragment sequence, remains unexplained. This consideration is further strengthened by the sequences of recombinants generated from the same-polarity fragments, 5' and 3', which include the entire sequence of the 5' fragment and a variably truncated 3' fragment (15) . In that case, the situation is reverse: the 3' fragment would be provided single-stranded in a transesterification mechanism (Fig. 6B ) and double-stranded in a primer extension mechanism (Fig. 1D) and, again, the data conform to the transesterification mechanism.
The same conclusion can be drawn from comparison of recombination frequencies observed with the fragments of the same (5' and 3') and opposite (5' and 3'C) polarities -on assumption that the same mechanism operates in both these cases. For a primer extension mechanism, the immediate substrates are fragments of opposite polarities, while for a transesterification mechanism the immediate substrates are the same-polarity fragments. Hence, for any type of a primer extension mechanism, the fragments of opposite polarities should recombine at a higher frequency than the same-polarity fragments, but in reality they recombine at about a 1000-fold lower frequency, in agreement with the transesterification mechanism.
If transesterification mechanism operates, what is then the role of the ongoing RNA synthesis? The answer is not obvious for the recombination between the same-polarity fragments, in which case both the recombination substrates are ready for use from the very beginning. One possibility might be that Qβ replicase occasionally catalyzes transesterification reactions between RNA molecules while being in a special conformation which the enzyme only acquires when it synthesizes RNA (cf. Ref. 35) . In this regard, it should be noted that the proposed transesterification reaction, comprising an attack of the 3'-terminal hydroxyl of one RNA molecule on an internucleotide phosphate of another, is chemically analogous to the attack of the leading 3' hydroxyl of a nascent strand on the α-phosphate of a nucleotide to be added next.
Diversity of replicative mechanisms for RNA recombination-Until recently, it was generally accepted that viral RNA recombination involves viral RdRp that eventually switches between templates during RNA synthesis (1, 2, 13, 14, 19, 47) , with 'template switch' and 'replicative mechanism' being used as synonymous terms, as opposed to recently discovered 'nonreplicative' transesterification mechanisms (5) (6) (7) 21) . In the classical template switch (copy choice) model, the following steps can be distinguished (see, e.g., Ref.
2): (1) pausing of RdRp (e.g., at sites of secondary structure); (2) dissociation of RdRp carrying the nascent strand from the first (donor) template; (3) binding of the RdRp-nascent strand complex to the second (acceptor) template; (4) elongation of the nascent strand on the second template. In a modified 'processive' model (48), RdRp switches to the second template without leaving the first template. The PAAE mechanism (22) differs from the classical template switch in that the first two steps are omitted; yet, as in the template switch model, the recombinant RNA is generated through a template-directed elongation of an RNA primer by stepwise addition of monomer nucleotides to its 3' terminus. Our data obtained with poliovirus RdRp perfectly agree with the PAAE model and further experiments are needed to ascertain whether 3Dpol can play the complete template switch scenario with natural heteropolymeric RNAs, as it was suggested from the results of in vitro study employing homopolyribonucleotides (49).
A quite different result has been obtained with Qβ replicase. As for the template switch mechanism, the ongoing RNA synthesis is also needed in this case and, for that reason, the recombination should be regarded as a replicative one. However, this recombination does not seem to result from elongation of an RNA primer. The available data indicate that recombinant molecule might be generated by an RdRp-catalyzed transesterification reaction, i.e., by adding to the 3' terminus of an RNA [a piece of] another RNA, rather than a mononucleotide. Besides Qβ and related phages, such a mechanism might also operate in other viral systems manifesting a very low rate of homologous recombination, e.g., in alphaviruses (50, 51).
Whatever is the precise molecular mechanism used by each of these enzymes, the very fact that the two viral RdRps studied here behave so differently when confronted with the same RNA substrates under similar conditions suggests that there exist more than one type of replicative mechanisms for RNA recombination. ‡ Present address: University of Chicago, Chicago, IL 60637, USA. 1 The abbreviations used are: RdRp, RNA-directed RNA polymerase; rNTPs, ribonucleoside triphosphates; UTR, untranslated region; PAAE mechanism, primer alignment and extension mechanism; 3Dpol, poliovirus RdRp; RQ RNA (termed so for being Replicable by Qβ replicase), a non-genomic RNA capable of exponential amplification by Qβ replicase; 3'C fragment, the complementary copy of the 3' fragment; nt, nucleotide(s). A, Homologous recombinant RNA that would be generated from the 5'(BamHI) and 3' fragments by the template switch mechanism. Such a recombinant was produced by the reverse transcriptase from avian myeloblastosis virus (15) . B, The nonhomologous recombinant RNA most frequently produced from the same fragments by Qβ replicase in the purified cell-free system (15) . C, Homologous recombinant RNA that would be generated from the same fragments by the PAAE mechanism (22) provided that the 3' fragment is copied along its entire length and the copy (3'C fragment) dissociates from the template. D, A nonhomologous recombinant RNA that might be generated by the PAAE mechanism when the 3'C fragment remains base-paired to the 3' fragment and priming occurs on occasional melting of the duplex terminus. E, The pairs of opposite polarity fragments used in this work to probing the PAAE mechanism.
FIG. 2.
Requirements of the Qβ replicase-promoted recombination. The annealed 5'(BamHI) and 3' fragments were incubated during 1 h at 22°C in the presence of 10 mM Tris-HCl pH 7.8, 100 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 35 µg/ml Qβ replicase and, unless specified otherwise, 1 mM each of rNTPs. Then the reaction mixture was extracted with phenol/chloroform, oxidized with periodate and desalted. A, During incubation, the GTP concentration was varied as indicated. Top panel, The reaction mixture was assayed for the presence of replicable RNAs. Each sample contained 10 9 molecules of each of the 3' fragment and either the native (5') or a periodate-oxidized (5'oxi) 5' fragment. Bottom panel, Analysis of the reaction mixtures prior to phenol/chloroform extraction by electrophoresis in a polyacrylamide gel under non-denaturing conditions (32) followed by silver staining (52). Lane M contained a mixture of the 5'(BamHI) and 3' fragments; ss, single stranded and ds, double-stranded RNAs (cf. 35). Because of a strong binding to replicase (35), most of the ss5' fragment migrated at top of the gel (not shown). B, Effects of 3'-deoxy-ATP (cordycepin triphosphate) on recombination between the 5'(BamHI) and 3' fragments (10 9 molecules each). The reaction mixture contained 0.2 mM ATP and, at a specified incubation time, 3'-deoxy-ATP was added to the final concentration of 4 mM; the concentration of Mg 2+ was adjusted to compensate for the increased concentration of nucleotides. Before phenol/chloroform extraction, 3'-deoxy-ATP was dephosphorylated (together with other NTPs) by additionally incubating the reaction mixture during 20 min with 1 U of calf intestine alkaline phosphatase (molecular biology grade, Roche Molecular Biochemicals).
FIG. 3.
Recombinations between RNA fragments of opposite polarities in the presence of Qβ replicase. After annealing, the indicated 5' and 3'C fragments (10 8 molecules each, unless otherwise indicated) were introduced into the RNA amplification gels without preliminary incubation or any other treatment. A, Correlation between the recombination frequency and the length of a complementary overlap between foreign sequences of the fragments, which was, from left to right, 24 nt, 18 nt, 6 nt and null; cf. Fig. 1E) . B, Effect of annealing and comparison to recombination between the same-polarity fragments. C, Effect of periodate oxidation of the recombination substrates. were incubated during 30 min at 30°C under conditions optimal for the primer-dependent 3Dpol activity (39): 50 mM Hepes-KOH pH 7.0, 0.8 mM MgCl 2 , 5 mM dithiotreitol, 0.1 mM each of rNTPs and 30 µg/ml 3Dpol. The reaction mixtures additionally contained the following reagents introduced together with the enzyme preparation: 5 mM Tris-HCl pH 8.0, 10 mM NaCl, 5% glycerol and 0,01% Nonidet NP40. Before assaying replicable RNAs in aliquots containing the specified number of molecules of each of the indicated fragments, the reaction mixtures were extracted with phenol/chloroform, oxidized with periodate and desalted. B, Primary structures of RNAs generated by recombination between fragments 5'(BamHI) and 3'C(SphI). A value in parentheses indicates the number of clones sharing that sequence. 
